Evapotranspiration (ET) is a critical component of the hydrological cycle and natural water-energy nexus. The dynamics of soil water content (θ) in the top surface layer, regulated by local climate, predominates the surface energy exchange and ET behavior. In this study, we proposed a novel ET-θ relation using a physically based wet patch radius coupling the near surface turbulent transfer and soil water availability. The model is tested against the dataset from eddy covariance (EC) sites in the AmeriFlux network. The results show that ET rate is supply-driven under low soil moisture conditions since the plant controls the transpiration rate to conserve water due to water stress. While in energylimited condition, increasing soil moisture will not promote ET rate as it is bounded by the lower atmospheric demand. The proposed method is practically designed to calculate ET using variables readily measured by standard EC towers such as soil moisture and meteorological measurements.
INTRODUCTION
The actual evapotranspiration (ET) rate over vegetated surfaces is regulated by many factors, including the energy and water availability at the land surface, land cover type, geomorphology, near-surface atmospheric condition, etc. (Brutsaert ) . The water content in topsoil controls the surface energy exchange and the growth of plants. Hence, the temporal dynamics of soil moisture (θ) usually determine ET over vegetated surfaces. In previous hydrological or ecohydrological studies, ET was formed piece-wise linearly (Wetzel & Chang ; Laio et al. ; Guswa et al. ; Lu et al. ) or in power function with soil moisture through statistical approaches based on empirical data (Longobardi & Khaertdinova ) . However, the geostatistical methods oversimplified the dynamics of ET-θ interactions. Essentially, the spatial and temporal patterns of θ largely depend on the characteristics of the local climate (Lawrence & Hornberger ) , leading to ET estimation dependent on climate variables such as Bowen ratio and dryness index in the Budyko curve.
While extensive research efforts have been devoted to establish accurate ET-θ relationships, linking the two variables involves a complex of interactions in the soilvegetation-atmosphere continuum. Practical, and hence, applicable methods therefore need to account for the fine balance between the complexity of real physics, mathematical tractability, and portability to different geographic and climate zones, without significantly compromising the accuracy. In-depth reviews for different types of methods for estimating ET can be found in Xu & Singh (, ) , Kumar et al. () and Yang () . Conventionally, the most widely used Penman-Monteith (P-M) method (Penman ; Monteith ) estimates ET for crops and other homogeneous vegetated surfaces by quantifying the surface condition via the surface conductance, which serves as the intermediate parameter and needs to be estimated from the active leaf area index (LAI) and the stomatal conductance. However, stomatal conductance varies from one crop to another depending on plant types, properties, and spatial distribution (Jarvis & McNaughton  (Haghighi et al. ) ; while the plant transpiration is estimated using equivalence between the canopy and an imaginary big leaf, enabling applicability of ET estimate for homogeneous surfaces, e.g., the P-M method. Nevertheless, the dual-source models loosely integrate plant-soil interactions and their applications were still limited to either very dense or sparse vegetation surfaces (Guan & Wilson ; Yang ) . A family of hybrid dualsource models has lately been developed to combine the two basic approaches and is capable of differentiating the inter-canopy soil evaporation from under-canopy soil evaporation. For example, the TVET model (Guan & Wilson ) shows good accuracy in partitioning potential evaporation and transpiration, with further modification by Yang (). 
MODEL DESCRIPTION
The potential evaporation rate E p is defined as the ET rate over a large homogeneous area under a given climate condition with unlimited water supply. E p can be measured through pan evaporation or commonly estimated by the Penman () method. The Penman method was derived based on surface energy balance and the sink strength to calculate evaporation over open waters. It reflects the demand for evaporation, and is used to calculate potential evaporation rate in this study, as:
where Δ is the slope of the saturation vapor pressure curve; γ is the psychrometric constant; Q ne is the ratio of total available energy to latent heat of vaporization; E A is the drying power of unsaturated air, estimated using the product of air vapor pressure deficit (VPD) and an empirical wind function.
Due to the limited availability of soil water content, the actual ET is usually smaller than E p over vegetated surfaces under water stress. The derivation from the ideal condition is expressed through a reduction factor (β), which enables the calculation of ET from E p (Mintz & Walker ;
Mahfouf et al. ):
With limited soil water supply, ET drives the drying pro- r and l are the radius of the fully and partially wetted patches, respectively; ε is the free path of molecular diffusion; e* is saturation vapor pressure; e 0 is the vapor pressure at the distance of a partially wetted patch size; e ∞ is the external vapor pressure; u ∞ is the free steam velocity. δ b is the boundary-layer height.
calculate the actual vapor flux penetrating the area of a single wet patch (4l 2 ). The relative drying rate is obtained by dividing the actual vapor flux by the vapor flux over a fully wetted surface. The detailed derivation of the relative drying rate on bare soil is given by Schlünder (b) . An approximation of the relative drying rate is given by:
where M v is the actual vapor flux over a wet patch; M v,I is the vapor flux from a saturated surface; r is the radius of the saturated wet patches (water droplets in Figure 1 is replaced by volumetric soil moisture (θ), and the radius of the saturated area is described as the average wet patch radius (R wp ) such that:
While soil water content (θ) can be readily measured, the determination of δ b and R wp requires additional effort.
When the atmosphere is under neutral condition, the vertical wind profile can be assumed to follow the log-law, i.e.:
where u z is the wind speed at height z; d is the zero-plane displacement height; z 0 is the roughness height; κ is the Von Kármán constant. Thus, δ b can be estimated as level (z) that the wind speed increases to free stream velocity (u ∞ ) (Brutsaert ) or as the increase of the wind speed with altitude is relatively small (e.g., du z /dz < 0.01). Here, we aim to estimate ET with physical quantities that are readily measurable in field campaigns, e.g., using eddy covariance (EC) flux towers and soil moisture sensor. To find the estimation of the wet patch radius, the reduction factor was first calculated by Equation (2) (5), the wet patch radius can be first estimated by Equation (4). The estimated wet patch radius was statistically regressed on soil moisture to find an analytical curve fitting the data throughout the observation period. The selection was based on the overall goodness of fit R 2 . At last, wet patch radius and soil moisture follow an exponential relation as:
where c 1 and c 2 are regression coefficients, which is vegetation type dependent but climate independent. The physical meaning of the coefficients will be discussed in more detail later.
FIELD MEASUREMENT SITES AND DATASET
To test the numerical model proposed in this study, we The soil water content measurement at the topsoil (0 cm-10 cm depth) that was available was used to represent the surface soil moisture. To account for different vegetation types, the sites were selected based on the main vegetation cover classified by the International Global Biosphere Programme (IGBP) land cover classification system (FRA ). The sites primarily contain three types of land cover types, namely, grassland (GRA), closed shrubland (CSH), and evergreen needle leaf forest (ENF) (see Table 1 ). The locations of the sites were selected across the USA to cover different climate conditions ( Figure 2 ). The mean annual temperatures among the sites vary from 1.5 C to 21.9 C, and mean annual precipitations vary from 333 mm to 1,820 mm. Detailed information on the site measurements is listed in Table 1 .
RESULTS AND DISCUSSION
The results of correlating the soil moisture and wet patch sizes are shown in It is noteworthy that dense plant canopies or large LAI (e.g., forest and grassland) effectively shadow the ground and reduce the amount of available energy impinged on the soil surface (Rothfuss et al. ) . This effect leads to a 
CONCLUDING REMARKS
In this study, we developed a novel approach for estimating ET based on the soil moisture dynamics in the soil-vegetationatmosphere continuum, via an intermediate parameter,
namely, wet patch radius. A reduction factor that is obtained using an analogy to the solution to the relative drying rate over a partially wetted bare soil surface at pore scale was used to link the actual ET rate to potential ET. The reduction factor was constructed as a function of wet patch radius, the boundary-layer height, and the soil moisture; all can be directly obtained or readily derived from field measurements.
In particular, an exponential correlation between soil moisture and the wet patch radius was derived by statistical regression. In general, the ET rate can be characterized by plant types and local climates. The characteristic wet patch radius can be physically interpreted as a spatial pattern of response of different vegetation to water stress.
In practice, the proposed method can be applied by following a rather straightforward procedure. First, by selecting the site where ET is to be estimated, soil moisture content can be obtained from field measurements (be it standalone or as a by-product of flux tower measurement). Partial time series of the soil moisture data (truncated for model calibration) will be needed for estimating the wet patch radius by Equation (6), through regression analysis. The estimated wet patch radius can then be used to find the reduction factor β from Equation (4) in conjunction with the determination of boundary-layer height via wind profile via Equation (5). Lastly, the reduction factor can be applied to the potential ET rate (e.g., using the Penman method in Equation (1) to determine the actual ET). Iteration can be applied to adjust the regression coefficients in the calibration period of the time series to give better model accuracy. Once all model parameters are determined, they can then be applied throughout the rest of the measurement period to estimate the actual ET over the site of interest.
The primary advantage of the proposed method is that it releases the constraint of homogeneity assumption of the P-M method as well as the dependency on the estimation of stomatal and surface resistance. Yet, it enables users to estimate the actual ET from a parsimonious set of basic micrometeorological variables with reasonable accuracy.
In conjunction with remotely sensed data, the framework can be readily extended for high-resolution mapping of ET at regional or continental scales. The model is, nonetheless, sensitive to the landscape characteristics, especially the veg- 
